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Though several theoretical models have been proposed to design electronic flat-bands, the definite
experimental realization in two-dimensional atomic crystal is still lacking. Here we propose a novel
and realistic flat-band model based on degenerate p-orbitals in two-dimensional ionic materials. Our
theoretical analysis and first-principles calculations show that the proposed flat-band can be realized
in 1T layered materials of alkali-metal chalogenides and metal-carbon group compounds. Some of
the former are theoretically predicted to be stable as layered materials (e.g. K2S), and some of the
latter have been experimentally fabricated in previous works (e.g. Gd2CCl2). More interestingly,
the flat-band is partially filled in the heterostructure of a K2S monolayer and graphene layers. The
spin polarized nearly flat-band can be realized in the ferromagnetic state of a Gd2CCl2 monolayer.
Our theoretical model together with the material predictions provide a realistic platform for the
study of flat-bands and related exotic quantum phases.
The properties including the electronic bands of a ma-
terial are codetermined by its structure and the compo-
nent elements of which the outer-shell electrons usually
matter most [1]. In the band theory regime, there are
two limiting cases: the massless Dirac fermion in lin-
ear dispersion band [2] and infinitely heavy fermion in
flat-band [3, 4]. Both of them harbor unique and fan-
tastic properties. The Dirac fermion has been experi-
mentally realized in a graphene monolayer [2]. For the
flat-band, the density of states is impressive and effects of
interactions are entirely nonperturbative [3–7]. This may
offer unique opportunities for the emergence of exotic
quantum phases, including ferromagnetism [3–6], high-
temperature fractional quantum Hall effect [8, 9], Bose-
Einstein condensation [10], and high-temperature super-
conductivity [11, 12], Wigner crystalization [13].
The realization of flat-band and intriguing proper-
ties in various moire´ superlattices has achieved great
success [14–16], where the tunability due to the two-
dimensional (2D) nature plays an important role. Com-
pared with the flat-band in a small moire´ Brillouin zone,
the intrinsic flat-band in a whole 2D Brillouin zone of
atomic crystal is also attractive and may have its own
merit for realization of above fantastic physics. To design
flat-band in the 2D crystals, several theoretical models
have been proposed, including single (e.g. s-type) orbital
in systems of bipartite graphs or their line graphs [3–
12, 17–19], and twofold degenerate pxy-type orbital in
honeycomb structure [13]. Though progress has been
made [19–27], the definite experimental realization in 2D
atomic crystal is still lacking. From a more realistic con-
sideration, the threefold degenerate pxyz-orbitals widely
exist in real materials. Designing a flat-band based on
the degenerate pxyz-orbitals and searching for its mate-
rial realization may open a promising way.
In this Letter, we propose a novel and realistic flat-
band model based on the degenerate pxyz-orbitals when
they locate at the centers of octahedrons which are
closely-packed to form a 2D structure. Our theoreti-
cal analysis and first-principles calculations show that
the proposed flat-bands can be realized in 1T layered
materials of alkali-metal chalogenides and metal-carbon
group compounds. The calculated flat-bands of these
materials can be well-described by our theoretical model
with physically meaningful parameters. Some of the for-
mer materials are theoretically predicted to be stable in
layered structure here (e.g. K2S), while some of the
latter have been experimentally fabricated in previous
works (e.g. Gd2CCl2) [28–31]. More interestingly, the
flat-band is partially filled in the heterostructure of K2S
and graphene layers. The spin polarized nearly flat-band
can be realized in the ferromagnetic state of a Gd2CCl2
monolayer. Our theoretical model together with the
material predictions provide a realistic platform for the
study of flat-band and related exotic quantum phases.
We first discuss the tight-binding (TB) model. In a
1T (tetragonal symmetry, octahedral coordination) lay-
ered structure, the octahedrons are closely-packed in 2D
planes by sharing edges and corners, as shown in Fig.
1. We define the 2D plane formed by the centers of oc-
tahedrons as xy-plane. Three lattice vectors in the xy-
plane are defined as ~a1 =
√
3
2 aeˆx − 12aeˆy, ~a2 = aeˆy, and
~a3 = −~a2 − ~a1, where a is the lattice constant and eˆx,y
are the unit vectors of the two orthogonal axes. When an
anion locates at the center of an octahedron structure, its
three p-orbitals are energetically degenerate, as shown in
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FIG. 1 (color online). The structure and hoppings between
p-orbitals in a 1T monolayer. (a) An octahedron formed by
six cations with an anion at the center. The p1,2,3-orbitals on
the anion are represented by red, green, and blue dumbbells,
respectively. For a p-orbital, the dashed and solid edges of
ellipses represent the opposite phases of its wave function.(b)
Schematic diagram of the effective crystal field E. The black
rhombus represents one unit cell and black arrows are the
lattice vectors ~a1,2,3. (c) Schematic diagrams of the hoppings
between p-orbitals along ~a1 direction. The grey solid circles
represent the atomic potentials vnc of nearest cations that
contribute to the hopping term most.
Fig. 1(a). For convenience, we label px,y,z as p1,2,3 and
align their polarization direction to the three diagonals
of the regular octahedron. Cations locate at the corners
of octahedrons to make the system electronically neutral.
The TB Hamiltonian H = H0 +H
′ reads
H0 = t0
∑
~r;i;j;k
{p†~r,ip~r±~ak,j |ijk|+ h.c.}, (1)
H ′ = t1
∑
~r;i
{p†~r,ip~r±~ai,i + h.c.}
+ t2
∑
~r;i;j
{p†~r,ip~r±~aj ,i(1− δi,j) + h.c.}
+ t3
∑
~r;i;j
{(p†~r,ip~r±~aj ,j + p†~r,ip~r±~ai,j)(1− δi,j) + h.c.}
+ E
∑
~r;i;j
p†~r,ip~r,j(1− δi,j), (2)
where i, j, k = 1− 3; ~r runs the locations of all anions in
the xy-plane; t0 describes the hopping between p-orbitals
on neighboring anions when their polarization directions
cross at one corner of the octahedron, namely a cation;
t1 (t2) describes the neighboring hopping between the
same p-orbitals when they are (not) perpendicular to the
connection direction ~ai; t3 is the hopping between differ-
ent p-orbitals when only one of them is perpendicular to
the connection direction ~ai. The values can be estimated
as t ≈ −∑∫ p∗i (r)vncpj(r − ~ak)dr, where vnc are the
atomic potentials of the nearest cations. The schematic
diagrams of hoppings along ~a1 direction are shown in
Fig. 1(c). The gray solid circles represent the vnc that
are most contributive. It is obvious that t0 is the only
one case that wave functions pi and pj , and atomic po-
tentials vnc overlap directly. Thus, the amplitude of t0
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FIG. 1 (color online). Top views of (a) closing-packing and
honeycomb lattice arrangement with (b) C3v and (c) C3 sym-
metry of the C28 molecule as 2D crystals. The dashed line in
(b) indicates the mirror symmetry v which is broken in (c).
The corresponding side views are given in the lower panels.
 ,  
The fullerene (Cn) molecule consists of n carbon atoms
in the form of hollow sphere and many other shapes. The
C28 is a spherical fullerene with threefold rotational sym-
metry C3 and mirror symmetry v. At variance with its
most famous family member C60 , C28 is expected to form
a covalent crystal, and not a van der Waals solid. Figs. 1
show three common structures of the 2D covalent C28
crystal: (a) the closing-packing, (b) and (c) honeycomb
lattice. There are two inequivalent sublattice labeled as
A and B in the honeycomb lattice, (see in Fig. 1(b)).
Unlike the atomic crystal, the molecular crystal shows
the tunability in its structural symmetry due to the ad-
ditional rotation degree of the molecule. In the honey-
comb lattice, the symmetry of the system can be tuned
by the rotation of the molecule when di↵erent covalent
bonds form between the C28 molecules on A and B sub-
lattice. For examples, in Fig. 1(b), the mirror symmetry
v between C28 molecule on A and B sublattice and the
C3 symmetry from the honeycomb lattice together forms
C3v symmetry of the whole system. The mirror symme-
try breaks in Fig. 1(c) when there is a relative rotation
between C28 molecule on A and B sublattice.
Since the discovery of graphene by mechanical exfo-
liation in 2004 [1], the synthesis and properties of two-
dimensional (2D) or layered materials have been serving
as a major drive in condensed matter physics and in-
terdisciplinary sciences. Each new member in the fam-
ily, such as silicene [2–4], phosphorene [5, 6], borophene
[7, 8], hexagonal boron nitride (hBN) [9], transition metal
dichalcogenides (TMDs) [10], and even the strong topo-
logical insulators [11, 12], may invoke a unique mecha-
nism in its fabrication [13], and possess its characteristic
properties. Di↵erent members of the family also share
clear commonalities; for example, the interlayer coupling
in most of these materials is relatively weak, typically
of the van der Waals (vdW) nature [14]. A more com-
prehensive understanding of a given member should be
instrumental to gaining a better access to the whole 2D
materials family.
As a latest member of the 2D materials family, black
phosphorene (BlackP) consists of a vertically corrugated
yet single layer of phosphorus (P) atoms. As an allotrope
FIG. 2 (color online). Top views of the respective BlackP and
BlueP on (a) and (c) Au(111), (e) and (g) Cu(111), (i) and
(k) any of the three III-V(001) substrates considered. The
corresponding side views are given in the lower panels.
of BlackP, blue phosphorene (BlueP) was also predicted
to exist in the single layer form [15, 16], but with more
flatly arranged P atoms. Both systems have been pre-
dicted to exhibit exceptionally high carrier mobilities
[17, 18], with the high mobility of BlackP already experi-
mentally confirmed in the few-layer or monolayer regime
using exfoliated samples [5, 6]. For future device applica-
tions, it is highly desirable to develop e cient fabrication
methods for mass production of high-quality phospho-
rene, such as via epitaxial growth on a proper catalytic
substrate. To date, direct growth of high-quality single-
layered BlackP or BlueP remains a daunting challenge
[19–21].
In this Letter, we use density functional theory (DFT)
calculations to explore whether there exists one or more
catalytic substrates that can readily facilitate epitaxial
growth of monolayered BlackP or BlueP. Our compar-
ative studies of phosphene growth on di↵erent repre-
sentative surfaces show that BlackP and BlueP can be
readily stabilized on Cu(111), Au(111), and GaN(001)
substrates. Furthermore, our systematic kinetic studies
identify the semiconducting GaN(001) as the substrate of
choice for growing BlueP, via a novel and intriguing half-
layer-by-half-layer (HLBHL) mechanism. Within this
scheme, the surface is first preferentially covered by a
half layer (HL) of P adatoms, followed by the addition
of the other half, thereby completing a full monolayer
(ML) of BlueP. Once formed, such a BlueP ML is ther-
modynamically stable, as tested using finite-temperature
ab initio molecular dynamics (AIMD) simulations. The
underlying reasons for the HLBHL mode on GaN(001)
are attributable to the minimal lattice mismatch in the
system, and the naturally strong chemical a nity be-
tween the P and substrate atoms. The HLBHL growth
mechanism discovered here not only may enable mass
production of high-quality BlueP, but could also be in-
strumental in achieving epitaxial growth of BlackP and
other 2D materials.
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FIG. 1 (color online). The structure and hoppings between p
orbitals in the 1T monolayer. (a) An octahedron formed by
six cations with an anion at the center. The three diagonals of
the octahedron coincide with the coordinates of the p orbitals
of the anion. Di↵erent p orbitals of the anion are indicated
by the arrows with di↵erent colors. (b) Schematic diagram
of the crystal field E due to the 2D nature and structural
adjustment. (c) Schematic diagrams of the hoppings between
p-orbitals along a1 direction. The p1,2,3 orbitals are repre-
sented by red, green, and yellow arrows, respectively. In (b),
the black rhombus represents one unitcell and black arrows
are the lattice vectors ~a1,2,3.
binding Hamiltonian H = H0 +H
0 reads
H0 = t0
X
~r;i;j;k
{p†~r,ip~r+~ak,j |✏ijk|+ h.c.}; (1)
H 0 = t1
X
~r;i
{p†~r,ip~r+~ai,i + h.c.}
+ t2
X
~r;i;j
{p†~r,ip~r+~aj ,i(1   i,j) + h.c.}
+ t3
X
~r;i;j
{(p†~r,ip~r+~aj ,j + p†~r,ip~r+~ai,j)(1   i,j) + h.c.}
+ E
X
~r;i;j
p†~r,ip~r,j(1   i,j). (2)
where i, j, k = 1  3; ~r runs the locations of all anions in
the xy-plane; t0 describes the hopping between p orbitals
on neighboring anions when their polarization directions
cross at one corner of the octahedron, namely a cation;
t1 (t2) describes the neighboring hopping between the
same p orbitals when them are (not) perpendicular to
the connection direction ~ai; t3 is the hopping between
di↵erent p orbitals when only one of them is perpendic-
ular to the connection direction ~ai, which is exactly zero
when the octahedron is regular; E describes the crystal
field when the octahedrons are arranged in the 2D plane
and the e↵ect of structure adjustment. t0 is negative due
to the odd parity of the p orbitals and atomic potential
of cations. The schematic diagram of the crystal field E
and hoppings along the a1 direction are shown in Fig.
1(b) and 1(c). The Hermitian conjugate (h.c.) actually
describes the hopping along  ~ai directions.
In real materials, the octahedron formed by the cations
is usually non-regular. Its three diagonals are not perpen-
dicular to each other when the lattice constant a 6= p2b,
where b is the bond length between a cation and its near-
est anion. The existence of cations at the corners of oc-
tahedrons makes the amplitude of t0 relatively large. t1
and t2 are relatively small and very sensitive to the lat-
tice constant a, as the anions are separated far away
from each other without direct bond connection. t1
and t2 become smaller or even negligible in some cases
when a >
p
2b, while they may have sizable value when
a <
p
2b. t3 has a finite value when the octahedron is
nonregular. The e↵ects of the crystal field E is tunable
by optimizing the structure or changing the chemical en-
vironment of the octahedron layer.
It is of practically guiding significance to consider the
ideal case when only t0 has nonzero value with t1 = t2 =
t3 = E = 0 and H = H0. In momentum space, we define
the three component basis as
 (~k) = [p1(~k), p2(~k), p3(~k)]
T . (3)
Then H(k) takes the matrix form as
2t0
0@ 0 cos(k3) cos(k2)cos(k3) 0 cos(k1)
cos(k2) cos(k1) 0
1A , (4)
where ki = ~k · ~ai is defined in the 2D Brillouin zone.
The band structure contains both three bands E1,2 =
1
2 t0 ± 0
p
3 + 2
P
i coski and E3 =  t0 as shown in Fig.
2(a). Interestingly, the E3 band is totally flat over the
entire 2D Brillouin zone. On the other hand, the E1,2
bands are dispersive exhibiting 8 Dirac cones at K and
1
2K points in the first Brillouin zone, whose bandwidth
are determined by t0. The dispersive band E2 and flat
band E3 are energetically degenerate at   and M points.
With regard to spin-orbit coupling (SOC), we consider
the original atomic form: HSOC =  ~L · ~ . It reads
HSOC =  
0@  i 3 i 2i 3 0  i 1
 i 2 i 1 0
1A , (5)
where  1,2,3 are the Pauli matrixes.
As shown in Fig. 2(b), the band degeneracy lifts at the
high symmetry  , M, nd K points due to the e↵ects from
SOC. A global gap occurs, which isolates the flat band
from othor bands. The SOC also e↵ects the dispersion
of the flat band. The flat band becomes nearly flat with
a finite bandwidth in proportion to the magnitude of  .
The spin polarized band can be considered by adding the
Zeeman term HM =  3M to the Hamiltonian, where M
describes the e↵ective Zeeman field.
Based on the above theoretical analysis, the electronic
properties of the degenerate p orbitals at the centers of
octahedrons closely-packed in a 2D plane can be well-
described by the HamiltanionH = H0+H
0+HSOC+HM .
FIG. 2 (color online). Band dispersion of the three degenerate
p-orbitals with the parameters: (a) t0 = −1, t1 = t2 = t3 =
E = λ = 0; (b) t0 = −1, t1 = t2 = t3 = E = 0, λ = 0.2. In
(a), the band E3 is completely fl t, while E1,2 exhibit Dirac
cones at K points and 1
2
K points. In (b), the b nd degeneracy
lifts at the high symmetry Γ, M, and K points due to t e
effects from SOC when λ 6= 0. ∆SOC in (b) is the direct
gap between the nearly flat-band E3 and band E2 at Γ and
M points. The inset in (b) is the Brillouin zone nd hig -
symmetry path.
is expected to be apparently larger than t1, t2, and t3.
E describes the crystal field when the octahedrons are
arranged in the 2D plane and the effect of structure ad-
justment, which is tunable via adjusting the structure or
varying the chemical environment.
It is of practically guiding significance to consider a
limiting case when only t0 has nonzero value with t1 =
t2 = t3 = E = 0 and H = H0. In momentum space, we
define the three component basis as
ψ(~k) = [p1(~k), p2(~k), p3(~k)]
T . (3)
Then H(~k) takes the matrix form as
2t0
 0 cos(k3) cos(k2)cos(k3) 0 cos(k1)
cos(k2) cos(k1) 0
 , (4)
where ki = ~k · ~ai is defined in the 2D Brillouin zone.
The band structure contains three bands E1,2 = t0 ±
t0
√
3 + 2
∑
i cos(2ki) and E3 = −2t0, as shown in Fig.
2(a). Interestingly, the E3 band is totally flat over the
entire 2D Brillouin zone . On the other hand, the E1,2
bands are dispersive exhibiting eight Dirac cones at K
and 12K points in the first Brillouin zone . The band-
width of E1,2 is determined by the amplitude of t0. The
dispersive band E2 and flat-band E3 are energetically
degenerate at Γ and M points.
With regard to spin-orbit coupling (SOC), we consider
the original atomic form: HSOC = λ~L · ~σ [32, 33]. As
shown in Fig. 2(b), the band degeneracy lifts at the high
symmetry Γ, M, and K points due to the effects from
SOC. A global gap occurs, which isolates the flat-bands
from other bands. The flat-band becomes slightly disper-
sive after taking finite HSOC and H
′ into consideration.
With the help of first-principles calculations, we pre-
dict that two classes of layered materials may harbor
3TABLE I. Energy comparison of alkali-metal chalogenides in
different structures. The first row (column) lists the symbol
of chalcogens (alkali metals). E1T−Elayered is the exfoliation
energy of a 1T monolayer from its layered bulk. The energy
difference E2H − E1T is the relative structural stability of a
1T monolayer to its 2H counterpart.
eV/unit cell O S Se Te
K
E1T − Elayered 0.01 0.18 0.22 0.27
E2H − E1T 0.51 0.45 0.42 0.37
Rb
E1T − Elayered 0.09 0.30 0.34 0.42
E2H − E1T 0.43 0.39 0.37 0.33
nearly flat-bands: 1T layered alkali-metal chalogenides
and metal-carbon group compounds. To be specific, we
give 1T dipotassium monosulfide (K2S) monolayer and
digadolinium monocarbide dichloride (Gd2CCl2) mono-
layer as two examples.
Our density functional theory (DFT) calculations are
carried out using the Vienna ab initio simulation pack-
age (VASP) [34], where the projector augmented plane
wave (PAW) method [35, 36] is adopted, and the gener-
alized gradient approximation (GGA) in the framework
of Perdew-Burke-Ernzerhof (PBE) [37] is chosen for the
exchange-correlation interaction. The magnetic and elec-
tronic properties of the Gd2CCl2 system are calculated
based on the range-separated Heyd-Scuseria-Ernzerhof
2006 (HSE06) hybrid functional [38, 39]. A specific semi-
empirical scheme (DFT-D2) [40] is used to treat the van
der Waals (vdW) type interaction. Phonon spectrum are
obtained using the PHONOPY code [41].
Table I lists the comparisons of total energies of
alkali-metal chalogenides in different structures. All the
1T monolayers are energetically favored than their 2H
(hexagonal symmetry, trigonal prismatic coordination)
counterparts, which benefits the synthesis of high qual-
ity 2D samples. The 2D monolayer would be epitaxially
grown and further stabilized on proper substrate [42–46].
The structural stabilities of these 1T materials are also
checked by their nonnegative phonon spectra.
Some of the above 1T monolayered alkali-metal chalo-
genides harbor nearly flat-bands. As an example, the
electronic band structures of the 1T K2S monolayer are
shown in Fig. 3(a). Our TB model fits well with the DFT
calculated electronic bands with the parameters shown in
the caption. The highest valence band is nearly flat with
bandwidth of 55 meV. The atomic structure refers to Fig.
1. The optimized lattice constant is: a = 5.01 A˚.
Due to the 2D nature, monolayered materials can
be conveniently stacked to form heterostructures. The
charge transfer naturally takes place between the 2D ma-
terials when their work functions are different. Here, to
explicitly show the doping effects on the flat-band ma-
terials, we theoretically study a G/K2S/G heterostruc-
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FIG. 3 (color online). Electronic properties and phonon spec-
tra of 1T K2S systems. (a) Electronic bands of a freestanding
1T K2S monolayer. Filled dots and solid curves represent
the data from DFT calculations and TB fittings, respectively.
The fitting parameters are: t0 = −83, t1 = −19, t2 = 13,
t3 = 5, E = 20, and λ = 20 meV. The highest valence bands
are nearly flat with bandwidth of 55 meV. ∆SOC = 54 meV
is the SOC gap at M point. (b) Charge distribution ∆ρ in
the G/K2S/G heterostructure and the projection along c-axis.
The isosurface level is 0.003 e/A˚3. Positive and negative val-
ues are colored in yellow and cyan, respectively. (c) Orbital
projected electronic bands of the G/K2S/G heterostructure.
The contributions from the K atoms (K-tot), C atoms (C-
tot), and p-orbitals of S atoms (S-p) are denoted by hollow
circles in green, red, and blue color, respectively. The inset
is a zoom-in view of the partially filled nearly flat-band. The
right panels in (a) and (c) are the DOS. ∆K2S is the band gap
of the K2S monolayer. (d) Phonon spectra of the G/K2S/G
heterostructure.
ture in which a K2S layer is sandwiched in between
two graphene layers. The lattice mismatch between a
K2S unit cell and 2×2 graphene supercell is less than
2%. In Fig. 3(b), the charge distribution is defined as
∆ρ = ρG/K2S/G − ρK2S − ρG, where ρG/K2S/G, ρK2S, and
ρG are the charge densities of the G/K2S/G heterostruc-
ture, K2S monolayer, and graphene layers, respectively.
The calculated electrons transfer from the K2S layer to
graphene layers is 0.13 electrons per unit cell. This ev-
ident value is mainly attributed to the large difference
∼3.0 eV in their work functions. Fig. 3(c) shows the or-
bital projected electronic bands. The nearly flat-band is
partially filled and the Dirac points of graphene is shifted
down below Fermi level due to the charge transfer effect.
The filling level can be further tuned via electric gating
due to the 2D nature. On the other hand, the nearly
flat-band is almost intact from hybridization with other
bands. The nonnegative phonon spectra in Fig. 3(d)
verifies the structural stability. The band gap ∆K2S of
a K2S monolayer changes significantly when sandwiched
in graphene layers, as shown in Figs. 3(a) and 3(c).
As another large family of materials, compounds of
metal and carbon group elements can also adopt a 1T
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FIG. 4 (color online). The structure and spin-resolved elec-
tronic bands of a freestanding 1T Gd2CCl2 monolayer. (a)
The top view and side view of the structure. The electronic
bands along high-symmetry paths are shown in (b) for spin
up and (c) for spin down, respectively. Filled dots and solid
curves represent the data from HSE06 calculations and TB
fittings, respectively. The right panels in (b) and (c) are the
orbital projected DOS. The black, red, and blue curves are
the total DOS, contributions from the p-orbitals of C atoms
(C-p) and f -orbitals of Gd atoms (Gd-f), respectively.
layered structure, some of which have been fabricated in
experiments [28–30]. We present a 1T Gd2CCl2 mono-
layer as a typical example. Figure 4(a) shows the struc-
ture of a 1T Gd2CCl2 monolayer. In the 1T phase, one
C atom sites at the inversion symmetry point of an oc-
tahedron formed by six Gd atoms. Different magnetic
orders in a
√
3 × √3 supercell are compared to find the
ground state. Based on our HSE06 calculations, the Gd
atoms prefer a ferromagnetic order. The ferromagnetic
order could be further stabilized via applying external
magnetic field [47]. Figures 4(b) and 4(c) show the spin
polarized band structures. Similar to the case of K2S
monolayer, the highest valence band of the spin up elec-
tron in Gd2CCl2 is very flat with a bandwidth of 195
meV. From the orbital projected orbital projected den-
sity of states (DOS), it is clear that the three highest
valence bands are mainly contributed from the p-orbitals
of C anions. The bands of spin down electrons is shown
in Fig. 4(c).
In summary, a novel TB model with (nearly) flat-
bands was proposed based on the degenerate p-orbitals
in 2D materials. As concrete examples, our calculations
showed that a Gd2CCl2 monolayer harbors a spin polar-
ized nearly flat-band in its ferromagnetic phase, and the
flat-band is partially filled in the G/K2S/G heterostruc-
ture. Our theoretical model together with the material
predictions provide a realistic platform for the study of
flat-band and related exotic quantum phases.
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